Photonic signal processing is essential in the optical communication and optical computing. Numerous photonic signal processors have been proposed, but most of them exhibit limited reconfigurability and automaticity. A feature of fully automatic implementation and intelligent response is highly desirable for the multipurpose photonic signal processors. Here, we report and experimentally demonstrate a fully self-learning and reconfigurable photonic signal processor based on an optical neural network chip. The proposed photonic signal processor is capable of performing various functions including multichannel optical switching, optical multiple-inputmultiple-output descrambler and tunable optical filter. All the functions are achieved by complete self-learning. Our demonstration suggests great potential for chip-scale fully programmable optical signal processing with artificial intelligence. Photonic signal processing is widespread both in the optical communication and optical computing.
inner structure. It will be greatly complicated and difficult when the network is expanded to a larger one, since too much inner information is involved. Therefore, a fully automatic implementation of reconfigurable photonic signal processors capable of full self-learning without knowing the detailed information of chip inner structure is highly required. In recent years, the optical neural networks (ONNs) have been developed to replace the traditional central processing units to perform deep-learning tasks, where the electrical devices performed the control and feedback of the ONNs, and photonic devices performed the computing of ONNs with a faster speed and a lower cost [41] [42] [43] . The development of deep learning with photonic hardware promotes the possibility of a fully self-learning photonic signal processor, which can learn to achieve several functions without the detailed information of chip inner structure.
In this paper, we report a fully self-learning photonic signal processor based on an ONN chip without activation functions or with identity activation functions ( ( ) f z z  ), which can perform three typical functions, including multichannel optical switching, optical multiple-input-multiple-output (MIMO) descrambler and tunable optical filter. All the functions are programmable by self-learning starting from blank. The training is accomplished using the numerical gradient descent algorithm modified from deep learning 41, 42 , which is applicable for a "black box" system. This demonstration is an important step towards the implementation of a multifunctional optical signal processor with artificial intelligence. The photonic signal processor, structured with an ONN shown in Fig. 1a 41, 44, 45 , is fabricated on the commercial silicon-on-insulator (SOI) wafer (Supplementary Section 1). (2), (3) and (4), as a whole, are used to implement an arbitrary matrix transformation based on singular value decomposition 41, 44 . Then the only learning target is to make the defined CF best using the numerical gradient descent algorithm. In the following, the ONN chip is reconfigured to achieve three different functions with selflearning.
Multichannel optical switching
An n-channel optical switching is a standard matrix transformation given by (referred to Supplementary Section 3) (
Here, Mexp j is the measured power distribution at all the output ports when only the input Port j is switched on. It can be accomplished by switching the input channel one by one with the MZIs in the front end of chip. The CF ranges from 0 to 1, where CF=1 or 0 represents that the experimental and theoretical vectors are consistent or irrelevant. Our training target is to make the CF close to 1 as much as possible. The training is accomplished using a modified gradient descent algorithm 41 , which is a universal method for training computational neural networks [46] [47] [48] . The detailed training algorithm is presented in Supplementary Section 3. In our design, the matrix transformation of M can be implemented by Part (2) or Part (4). We use Part (4) to train the matrix and Part ( To show the reconfigurability and self-learning ability of our chip, we implement multiple routing states for the multichannel optical switching. Figure 2a presents the learning process dependent on rounds of iteration in the routing state: I 5 -O 3 , I 6 -O 2 , I 7 -O 1 (the iteration evolution is recorded by Video S1). In the beginning, the light power distributions for all output ports are random and messy. And strong crosstalk exists between these channels. The first inset of Fig. 2a shows an example of power distributions when the device has a poor CF less than 0.1, suggesting that the three channels are fully mixed. These channels will be gradually separated with the learning process. The second and third insets in Fig. 2a show the light power distributions when the round of iteration reaches 50 and 85. The crosstalk becomes smaller gradually and the final crosstalk is below -16.8 dB at 1550 nm. Figure 2b In fact, the multichannel optical switching can be expanded to other routing networks with multiplexing technology, such as mode-division multiplexing (MDM), space-division multiplexing (SDM), wavelength-division multiplexing (WDM), and polarization-division multiplexing (PDM) 1, 5 . For example, the mixed channels distinguished by modes or polarization states can be initially separated and converted to the fundamental modes using the corresponding demultiplexer. Then our routing network is used to reconfigure the routing state using the self-learning method. Finally, a mirrored multiplexer combines these separated channels by converting them to different modes or polarization states. Figure   S3 (Supplementary Section 4) depicts an example of mode switch with our multichannel optical switching. Similar set-up is applicable for SDM and PDM channels as well. By combining the demultiplexer and multiplexer, our scheme can be configured for on-chip optical space, mode, wavelength, and polarization switching.
Optical MIMO descrambler
The rapidly growing demand for higher transmission capacities promotes the development of MDM and SDM 23, 24 . The crosstalk between different channels or modes always exists both in the optical transmission link and in the mode multiplexer/demultiplexer. Traditionally, this crosstalk issue was solved by MIMO algorithms in electronic digital signal processing 49, 50 , which suffered from heavy computation requirements for high-bandwidth electronic hardware. Alternatively, all-optical MIMO demultiplexing was developed to descramble the modes for all discrete time signals with the inherent speed of light 36, 39, 51 , but these methods were based on manual operation or on the premise of knowing the internal structure of devices. Fortunately, deep learning can be applied to MIMO descrambler as a fully self-learning method. The MIMO descrambler is quite similar to the multichannel optical switching, except that the initial channels are already mixed owing to the crosstalk. In order to recover all channels with low crosstalk, the CF of MIMO descrambler is defined by equation (2), the same with the one of multichannel optical switching. In such a case, the targeted channels are well defined before the crosstalk is introduced. In the experiment, Part (2) is used to emulate the optical transmission link and mode demultiplexer with crosstalk accumulation, thus introducing crosstalk among these channels coming from Part (1) . Part (1) is used to switch the input channel. Part (3) and Part (4) are used to eliminate the crosstalk among these channels with the self-learning algorithm. 
Tunable optical filter
Optical filter is a basic device in photonic signal processing. The reported tunable optical filters usually offer limited automaticity 12, 52 . In our design, the cascaded MZI mesh shows great potential to adjust the All the phase shifters in Parts (2), (3) and (4) are jointly used to optimize the filter. Figure 6a presents the experimental results for tuning the central wavelength from 1537 nm to 1562 nm at a fixed full width at half maximum (FWHM) of 20 nm. Figure 6b presents the measured spectra for bandwidth-tunable filter. The central wavelength is fixed at 1546 nm, and the FWHM is optimized from 18 nm to 32 nm.
An example of filter evolution is shown by Video S4. The tunable range is mainly limited by the narrowband coupling gratings (see Supplementary Fig. S1b ). 
Discussion and summary
The proposed photonic signal processor can be reconfigured as multichannel optical switching, optical quite low. A programmable optical filter, such as a shape-tunable filter, can be redesigned by using a more wavelength-sensitive network and a more wide-band coupling method, such as horizontal facet coupling. Our method can learn to configure the targeted functions by itself without knowing the internals of chip, provided the chip has the ability to realize these functions in theory. Thus, the proposed photonic signal processor can provide a potential fully self-learning solution for signal processing in future alloptical networks.
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Principle of ONN chip
The nanophotonic processor is programmed by setting the voltages on the internal and external phase shifters of each MZI. The MZI shown in Fig. S2a The same analysis can be applied on SU(N) core. A unitary matrix with rank N can be generally written as a product of N(N -1)/2 rotation matrices 1,1 1,2 1, 1 3,1 3,2 3,3 2,1 2,2 1,1 ( )
To implement any matrix, we first note that a general matrix (M) can be decomposed as M = UΣV through singular value decomposition (SVD), where U and V are both unitary matrices, Σ is a diagonal matrix with its eigenvalues on the diagonal. In our design, we use the structure in Fig. 1a to implement any 4 x 4 matrix. Fig. S3 : Schematic of the set-up for multichannel optical switching based on modes. The mixed channels distinguished by modes are initially separated and converted to the fundamental modes using the corresponding demultiplexer. Then the ONN chip is used to reconfigure the routing state using the self-learning method. Finally, a mirrored multiplexer combines these separated channels and reconverts them to different modes. Demux, demultiplexer; Mux, multiplexer. Similar set-up is applicative for SDM and PM. 
Training of multiple functions with ONN chip
Defining CF of targeted functions
